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ANALYTICAL STUDY OF THE
TRANSFER FUNCTION OF EBR-I MARK IV

Jiro Wakabayashi

I. INTRODUCTION

The dynamic behavior of liquid metal-cooled fast reactors for
small perturbations was investigated in a systematic way. Since the reac-
tivity coefficients of fast reactors due to temperature are small compared
with those of thermal reactors, certain feedback mechanisms which must
be taken into consideration in the transfer function analysis of thermal sys-
tems may be neglected.

In this report the following feedback mechanisms are analyzed
theoretically:

1. the reactivity feedback due to axial expansion of a fuel slug;

2. the reactivity feedback due to radial expansion of a fuel slug.
The coolant volume in the core may be changed by this
expansion;

3. the reactivity effect due to cladding expansion. The reactivity

is changed for the same reason as for item 2;
the reactivity effect due to coolant expansion in the core;
the reactivity effect due to coolant expansion in the blanket;

4

5

6. the reactivity effect due to axial expansion of a blanket slug;
il the reactivity effect due to bowing of a fuel slug in the jacket;
8

the reactivity effect due to expansion of a fuel-assembly tube.

The numerical analysis was done for the EBR-I Mark IV, and the
results of the analysis showed a good agreement with those of experiment.

Since the analysis was done theoretically it is expected that the
estimation of transfer functions of the liquid metal-cooled fast reactors
may be done with sufficient accuracy by a similar procedure during the

designing period.



1I. ASSUMPTIONS IN THE ANALYSIS
For simplicity the following assumptions were made in the analysis:

1. Since the reactor core is sufficiently small, the dynamic be-

havior of the reactor is spatially independent.

2. In the transfer function study, the power response due to the
small reactivity oscillation is investigated. The amplitude of the power
oscillation is so small that (i) the nonlinear effect of the neutron chain re-
action and the nonlinearity of the heat transfer may be ignored and (ii) the
spatial power deviation will be proportional to the initial power distribution.

3. The reactivity effect due to the local temperature is propor-
tional to the product of the local temperature deviation and the local power.

4. The radial fission distribution in a single fuel slug is constant,
i.e., the power generation rate in a single fuel rod is radially uniform.

5. Since the ratio of the power generation at the core wall to the
core center at the same elevation is nearly equal to 0.7, the effect of the
radial power distribution in the core will not be important in the transfer
function study, and this effect may be ignored in the analysis.

6. Inasmuch as the upper and lower blanket power is very small
compared with the core power, the upper and lower blanket power may be
ignored in the analysis.

7. Since the inner blanket power is very small compared with the
core power, the reactivity effect due to the inner blanket temperature may
be ignored in the analysis. Only the effect of the temperature deviation of
the coolant at the core inlet due to the preheating in the inner blanket is
introduced in the analysis as the effect of the inner blanket.

8. The ratio of power generation in the core, inner blanket, and
outer blanket are 80%, 5%, and 15% of total power, respectively. The outer
blanket power has no effect on the dynamic behavior of the reactor.

9. From the experimental data the axial power distribution in the
core has sinusoidal form. :

; 10. According to assumption 7, the spatial power distribution in
the inner blanket may be ignored in the analysis of the outlet coolant term-
perature of the inner core.

11. Since the temperature difference between the NaK bendiansl
Zircaloy cladding is sufficiently small compared with the temperature dif

ference between the Zircaloy cladding and the NaK
cool
and the Zircaloy cladding can be treated together eht the Mokt e

12. The reactivity change due to bowin
p g of a fuel slug m =
placed by the reactivity change due to the change in the cosrle:grada.ty pes
ius.



13. From assumption 2, the spatial temperature distribution in
the core or upper blanket will remain constant. Then the temperature dif-
ference across the fuel slug or blanket slug in the radial direction of the
core will be proportional to the temperature of the fuel slug or blanket
slug respectively.

14. Since the neutron energy in the core is rather high, the
Doppler effect is negligible.

15. The radial expansion of a fuel rod will be absorbed by the
tightening rod spring and will not affect the radial displacement of the core.

III. ZERO-POWER REACTOR TRANSFER FUNCTION
From assumption 1, the kinetic characteristics of the reactor may

be obtained by solving the following spatially independent kinetic equations
(see Appendix G for the meaning of symbols):

Gy RTE

E— = = INf S 22 >\1C1 4 (31)

dCi B;

_dt_- :-'g—;{' N - XiCi 5 (3.2)
6

Bo= 2 B i=12,...,6 5

2 = Bt (3.3)

where pex and Pgf are the externally inserted reactivity and the feedback
reactivity, respectively. The values of A; and Bi are given in Table 5.1 (1)

From assumption 2, the transfer function of the zero-power re-
actor is denoted as follows:

N(s)/No _ 1/ : (3.4)
P(s) . .

1 R izzl b*(s + A;)



iE=bliess Nl

VALUES OF \; AND p;

i A Bi

1 0.0129 0.0000918
2 0.0311 0.0007193
3 0.1340 0.0005979
4 0.3310 0.0010182
5 1.2600 0.0003996
6 3.2100 0.0001332

SIEE=N (002960 8= 1078 sec

1V. POWER GENERATION TO CORE TEMPERATURE

TRANSFER FUNCTION

From assumption 11, the NaK bond and the Zircaloy cladding will
be treated as one medium having a single heat capacity and a single ther-
mal resistance. If the single thermal resistance is equal to the thermal
resistance of the layer of NaK bond and cladding, the temperature of this
medium can be given by the approximate value of the cladding surface

temperature, and it can be assumed that the NaK bond temperature is

nearly equal to the cladding surface temperature.

According to assumption 4, the temperature in the fuel slug of

radius R,, thermal conductivity Af, and diffusivity kf may be obtained by

solution of the equation

% Qg/TRS
s

V2o¢

Since the fuel slug is cylindrical, the boundary conditions are:

J6¢(r,t) _H
or IR, Af
00,t) # o

By using the Laplace transform method and

ing relations:

1 d6¢
kg dt

{esrt)-6.00}

Q. = {ef(R, 9) = Qc(s)}ZWRlHl

’

(4.1)

(4.2)

(4.3)

substituting the follow-

(4.4)



M = RH,/
T =Ri/ks (4.6)
we obtain
. . 2 (/T8 TS
Qcls) = {Qqs) - Cys6(s)} |22 L
L8
Io(~/Ts) + W iTyl(/SE )
[ee)
. Fi
_{Qg(s) e Qc(s)} igl g h (4.7)
where F; and {hare found from the simultaneous solution of
4Ti/T
e (T/T;M?) G
and
(4.9)

Ti = m; -——Jl( T/Ti)
Jo(VT/T5)

i
From the numerical calculation, it is found that F; and T; are very
small at i >2. Eq. (4.7) may therefore be rewritten as follows:

: f3 F, s
Qc(s) = {Qg(s) - Ces Bcle)} 7570 + : (4.10)
1L s
where

S Eym/T

7, = _____1:: e o i ATy o (4.11)
Y B /T
=2

Since a certain fraction ¥ of power generation is carried by gamma
radiation and is released in the coolant directly, Eq. (4.10) may be re-

written as

: . i I,
Qe(s) = {(1 - 7)Agle) - Cs Oc(s)] {1 * 1} Ee g
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The fuel rod temperature, NaK bond and cladding temperature, and
coolant temperature are found by solving the following equations:

Ct 8600 8) = (1-7) Qglss) - Q.06s) (4.13)

Cc 858, (¢;08) = QC(X:s) - {Qnl. ) - Vég(x,s)} ; (4.14)

dn(Xr 5) 'Vég(x, S) = ZWRZHZ {GC(X’ S) - Gn(x,s)} : (415)
do ,s)

Qn(x:8) = CnsBp(x,8) + Vcn—_r:-l(_))((__ : (4.16)

From Eqs. (4.12) through (4.16) (see Appendix A), (X s), 0. (X s),
and 6, (X, s) are

2 C
o1 9 = st (11 800 + )+ )

(4.17)

6,(X, s)

(s)(1 =) |
F(s) ’

& (6s) = Z5mesot QX 8) + £(s) (4.18)

X, "
Bl s) = {¥+ (1 - V)E(s)} —— f Qg (' s) K - X gy
0

vC,
X
-—S8
H8 sl ™ : .
where
da e I = (4.20)
* &R.m, (Cct O F(s))
s ©s
ne) =2 |1+ { s+ C¢ F(s))/c, ; o
Yo {Cct CrF(s))

F, P

Ll IS : (4.22)

s



Experimental data and assumption 5 give the power generation
rate in the core as

ég(x, t) = dg(t) Dl (4.23)
where
D(X) = A sin (BX + C) (4.24)
and
Nl
If D) de = 1 . (4.25)
0

From assumption 10, the power generation rate in the inner blanket
will be

RO s Dt e (4.26)

If the coolant transport time from the inner blanket outlet to the
core center is denoted as T,, the simplified transfer functions of the power
generation rate to the core temperatures are given as follows (see
Appendix B):

g iRl P e ears Ble e iee]

(1 +%s)(1 +0ys + 0ps2 +0357) (1 + T3s)(1 + Tys)

70 o e s U
(1+PBis+ B,s%)(1 + Mis + V5% +V3s”)

5 by (s) ber.l(bL’s) 1 (4.27)
Q(s) pRgls) 1+ Tys

Bc(s) Bl s (L fpis) ,(s)
Qy(s)  (1+ T s)(1+Tsa)(l+Tss) L s Q) —
gf(s) S B, + Bys + Bss? + 1 én(s) i 2
Qg(s) (1 +Ts)(1 + Tys)(1+ Tys) (14 T3s)(1 + Tys) Qgls)

11
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bEn(bL:s) (1 +b7s 8) bL/(6Cn bY)
(‘) (s) - = bToS
g (1 wuae) {0 + pTam)(1# Tas) & = (L i Teslg LT18)}

(4.30)

V. POWER GENERATION TO UPPER BLANKET
TEMPERATURE TRANSFER FUNCTIONS

From assumption 6, the temperatures of the upper blanket are de-
pendent upon the coolant which was preheated in the core.

Since the reactivity effects due to the cladding and NaK bond tem-
peratures will be ignored, the blanket slug, NaK bond, and cladding may
be treated as one medium having a single heat capacity and a single ther-
mal resistance. The effective heat transfer coefficient of the blanket slug
to coolant is then calculated as follows:

1 1
H, = = 5.1
W = B T Coeize) (L) - (1) + (1/8) Zig
The coolant and blanket rod temperatures are
uCt s ubp 06s) = (He {0, (0:s) - jor () } 2R, (5.2)
e e e e
i c d,6,(Xs)
nintn e (5-3)
Solving Egs. (5.2) and (5.3), we obtain
N -Y(s)X
uen(X,s) =Ke 3 (5.4)
uBs(xs) = —— 6, (x.s)
oC¢s DS J (5.5)



where

H €

ut'2 1= 1

Y(s) = L0 G N O ; (5.6)
uCn uv | 2TR; uHz oo uCf s

2TR, H;

n(s) .
Q_(s) A| 5= sin(BL + T = eos (BIL 1 ©)
{v+ anew) 25| -2

Cn 1+{77§35)}2
e-n(s)L{w sinC - cosC
= = a5 ben(Lbs) ———1 (5'7)

; +{n(s)}z 1+ T, s
B

The average values of u@f(X, s) and 6, (X, s) will be

= 1 =

5% T wbn (s) (5.8)
2MR,  H,
-Y(s) L gL (I, s))
ol S LA S Sl
ufn (8) = 375 (1 e > BBk &2
2 u

The power generation rate to upper blanket temperature transfer
functions may be simplified as follows (see Appendix C):

6(s) 8, (s)
u' f % 1 u. n : (5.10)
G2 (e it gyl
el () A
Qg(s) (1 + Tps)(1 +a;s +o,8% +a3s’) vCpy B
D, + Dys + Dgs? + Dys® + B Nk s
(5.11)

1 + Bys + B,s® 1 +E;s +E,s®
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VI. POWER GENERATION RATE TO CORE RADIAL DISPLACEMENT
(DUE TO FUEL BOWING) TRANSFER FUNCTION

Since the fuel rods are held rigid by tightening rods and ribs, it is
assumed that the fuel rods are not bent as a result of the radial tempera-
ture difference in the core. However, fuel slugs may be bent as a result
of the radial temperature difference in the core because there are thin
NaK bonds between the fuel slug and jacket. The fuel slugs also have four
ribs, but there is an approximately 0.0127-cm clearance between the ribs
and jacket. Since the location of fuel slug ribs are random, the mean
value of clearance between the ribs and jacket may be assumed to be
0.0127 X 4/7T log (1 x\/Z_S = (0,01425 cm. The depleted uranium slugs
which are used in the upper and lower blanket do not have ribs, and the
clearance between the depleted uranium slug and jacket may be assumed
to be 0.032 cm.

The bowing of the fuel slug or blanket slug may occur in the radial
direction of the core. Since the locations of fuel slug and blanket slug are
random, the maximum clearances involved in the bending of the fuel slug
or blanket slug are 0.0285 cm or 0.064 cm, respectively. The minimum
clearance is, of course, 0 cmn. The centers of the fuel slug or blanket
slug are usually not located on the line of the core center to the jacket
center. This fact denotes a decrease of clearance for the fuel slug or
blanket slug, and, for convenience, the effect of this decrease may be
indicated by a multiplication factor of 1/2,

Also for convenience, the temperature difference across the fuel
slug or upper blanket slug is assumed to be constant in the axial direc-
tion. With this assumption and with the condition that the slugs do not
touch the inside wall of the jacket, the following equations are obtained:

d®r, e .

? e the core (0<KX=L) s (6.1)
dzrl A u®ufaf | h

= = o the upper blanket (L=X=L + uL) 5 (6.2)

The boundary conditions of Eq. (6.1) and (6.2) are as follows:

T ORa i =R 0 fan d S A =T T

dr, 5
r; and Ware continuous at X = L



5

The solutions of the Eqs. (6.1) and (6.2) may be written as follows:

.
ry = - —= xX* + NX at 0X<L (6.3)
Ay Odf —
ro= - ;ud A AL L L (6.4)

where

= abgsL [(‘xedf - u %y Pas) {1 iL }
o g )

d OLGdf L+ uL‘

uuBar (L + uL)] : (6.5)

206 4¢ L ’ '
% - @ 64¢L [0y Ogf (L + yL)  (@Bgf = 4@ Oaf) L . (6.6)

s al 2 aedf i Z 2 aedf (L i uL) ' .
’ :

_ aBgl (@845 - 4% 4O%5)
Wi df di U usdt : (6.7)

d Z a'edf

Assuming that the reactivity change due to bowing of the fuel slug
has the same weighting function as that of the temperature difference, the
effective displacement of the fuel slug due to bowing will be

L
() = — f ri(X, s) A sin (BX +C) dX
0

1 2
BL B3L3

z
a6 g¢(s)L°A { 2

212 sin (BL + C) —(

2
) cos (BL+C) - BaLs ©°S C}

— il : 1 1 :
+ N,LA {BZLZ sin (BL + C) - B, €08 (BL + C) - BzLz Sim C}

(6.8)

5% According to assumption 13,_9df(s) and uedf(s) are proportional to
B¢(s) and O(s), respectively. Now 0)(s) is given as (see Appendix D)
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1 e
Bi(s) =1 f Bg(x.5) ax
0

(1 -V)Qg(s) _B3 +—I§4s +I_8552
3 Ct (1+7,5)(1 + Tys)(1 + Tys)
Qgl(s) (1 + Tgs)

vC,B (1 + Fps)(1 +oys + a,s? + 03s°%)

(1 + 758)(Fp + Fus + Fss2)  Fa(l + Tss) {1 +(T3+Ty)s + T,Tys?}

(1 + Tps)(1+ Tys)(1 + Tys) ' (1 ;zs)(l + Bys + B;s?)

(65g)

Eqs. (5.11), (5.12),(6.9), and assumption 13 show that the ratio of
wPdf and 64r at the steady state is constant and independent of the steady-
state power. The deviation of fuel-slug displacement is therefore propor-
tional to the deviation of average fuel-slug temperature.

The condition that each slug does not touch the jacket wall is given
by the following equation, because the clearance between the blanket slug
and jacket wall is very large compared with the clearance between the fuel
slug and jacket.

On(Ls) (14 7gs) A 1

Qg(s) :(l+?zs)(1+735)(1+745) vCnB | {T (s (e 775)}2
(1+ T48)(1 + Tys)

D;
(1+ Tgs)(1+ T4¢s)
(14 7T38)(1 + Tys)

(L+ Tes)(1+ T78) —

————— D, +
Tl o) g
3
¥ 1ot TS

X | s

D D: ,00(s) pon(ble) 1 {2l
a Bk s (1+T65)(1+T7s) Q. (s) ORI T
1 + Tgs (T‘rss)(_HT—‘,ﬂ g b~g s xS
_ (LeTes)1+ 748)(1+Tss)  (A/vCnB){Dg+ Dys + Dgs? + Dys®+ Dypst)
T (14 Tps)(1 4 Qs + 0ps? + 0,y8%) (1+ Bys+ Bos?)(1 + Tys)(1 + Tys) " (6.11)

The condition represented by Eq. (6.10) or (6.11) may be satisfied
at the steady-state power level of less than Py, 12 Gl 12 e sy
rates of 291 gpm, 200 gpm, and 100 gpm), respectively. m

If a fuel slug touches the jacket wall, the bowing of the fuel slu
might have little effect on the deviation of average fuel-slug displa g .
because, when a fuel slug touching the jacket bows toward the cgrec:::j:r’



the ends of the slug will displace the adjacent slugs above and below it in

the opposite direction, and this effect and the bowing effect tend to cancel
each other,

At the flow rate of 291 gpm and the steady-state power level P, the
proportion of the fuel slug that does not touch the jacket wall may be con-

sidered as (P, - Pl)/le at P; < Py, or 0 at P; > Py Similar relations
may be obtained at different flow rates.

From the reasons mentioned above, the transfer function of power
generation to fuel rods displacement is as follows:

) (5:012))

where i is 1, 2, or 3 corresponding to the flow rate of 291 gpm, 200 gpm
or 100 gpm, respectively,

B¢(s) (1-7) 1_32(]—33 + Bys + Bys?) % -BZ/VCHB
Qg(s) CeB, | (1 + Tps)(1 +738)(1 +Tys) I
14 s { (1 + T4s)(F, + Fas + Fss?)
(1 + Tps)(1 + s + %82 + @383) L (1 + T el s
]:':3(1 sl (7 = TS T3’T4sz}
. — ; (6.13)
(1 + Tps)(1 + Bys + B;s?)
2p Bge(s) | _
CIZ“LA df L e B
2d  8i(s) ||B%L?
1 il i
+ (m - B3L3)COS (BL+C) + = cos C}
( uauéf) | L . Eﬁ (L+uL)}
N ey TN 2o T

1 1 :
{ 21 = sin(BL + C) - e (BL + C) - Sapz 5im C} ; (6.14)
L)

= dG, . (6.15)
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The constant G, is given by

T (fuel- or blanket-slug temperature gradient for the radial direction of core)
& (average fuel or blanket slug temperature) (6.16)

From assumption 2, the radial temperature distribution in the core
is similar to the radial power distribution. Since the upper blanket-slug
temperature is dependent upon the coolant which was preheated in the core,
the radial temperature distribution in the upper blanket is also similar to
the radial power distribution in the core. The constant GZ is, therefore,
obtained from the experimental data for the fission spectrum in the core.



VII. POWER GENERATION RATE TO CORE RADIAL DISPLACEMENT
(DUE TO THERMAL EXPANSION) TRANSFER FUNCTION

Since the core and blanket assemblies are held by the core clamp,
the pressure of the contacting surfaces of anyneighboring two hexagonal
tubes is balanced. If the hexagonal tubes in the core expand radially due
to temperature rise, the hexagonal tube in the inner blanket will contract
and the pressure of the contacting surfaces of core hexagonal tube and
inner blanket hexagonal tube will remain balanced.

Since the same kind of hexagonal tubes are used in the core and
inner blanket, the thermal expansion of the hexagonal tubes in the core
will amount to a fraction (Ry4- R3)/R4 of the free expansion.

The temperature of the hexagonal tube is dependent on the tem-
perature of coolant flowing in the channel partly formed by the hexagonal
tube. This temperature is calculated from the following equations:

CesOs(x.8) = Qg(l-¥) -Qc (7.1)
e sl e el (7:2)
On - ¥Qg = 2TRH, {6.(x.8) - OnlXx.5)} (7.3)
5 Semant s TR fr;fxﬁﬁ Hy{6n(x.8) - 6,(x,5)) & (7.4)
Cpal Byla) + 10 Ton0c =) = Bl (7.5)

From Egs. (4.12) and (7.1) through (7.5), the 6¢(X,s) are (see Appendix E)

X - B
o (e) = (r4(1-7) £ (el [F aglxne)e O o)
n Jo
6,(X.s)
Gule) ~ X | (7.7)
where
ct Cc aF CfF(S)
t(s) = = |Cn+ : 5 : o
vy, 1+(Ce/Hs) s 2_7T_2H2{cc +Cy¢ F(s)}

By using a procedure similar to that in Section IV, we may calculate

that the power generation rate to hexagonal tube temperature transfer
function is (see Appendix F)

119
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(s) Hy(1+ Tgs)(1 + T3s)(1 + Tys)(1+ Tyzs)

6.
Qgls) (14 Tps)(1+ms+ Y,8% + V3% + Vys?)

T, + Hos + Hes2 + Hos® Hy{l 475+ To)s} (1 + Ty38)
S o T4s) (1 + Ty38) 1+ 0;s + Oxe2 + 0,83

T T o o 3
(1 +(Ts+T)sP(1+Tyys)? 1 - Hs + Hys + Hyjs? + Hyps
1+ 7, + V52 + 7353 cF 'Y4s4 1 + 515 + 6252 A 6353

bdg(s) ben(bL’s) 1 1 ) (7.9)

Qg(s) bQg(s) 1+ Tps 1+ Tys

The radial displacement r, of the core due to hexagonal tube tem-
perature is
Ry

-R; |04 -
r, = _R_ﬁ £/°c RIEh (=) (7.10)
- SS

The power generation rate to core radial displacement due to the
thermal expansion transfer function is, then,

To(s)  R; - Ry Ag/’ Be(s)
S e e R A (7.11)
Qgls) Ry . )
SS

VIII. ESTIMATION OF THE REACTIVITY COEFFICIENT

1. Coolant Temperature Coefficient in the Core

The reactivity is reduced by the decrease in coolant density. The
temperature coefficient of the coolant calculated for the EBR-I Mark III 2)
was assumed to be the same for the EBR-I Mark IV. Then,

KE RSNl 105 AR /K /S (8.1)
If the effect of NaK temperature in the NaK bond is considered in
the temperature effect of the jacket, the effective coolant temperature

coefficient will be

an -anb 0.1768
LT e e ale

=0 S R /e e (B)



2. Fuel Temperature Coefficient in the Core

The fuel temperature coefficient is considered as the sum of two
effects: 1) the increase of core height due to axial fuel expansion may
reduce the reactivity, and 2) the decrease of NaK volume in the NaK bond
due to radial fuel expansion may reduce the reactivity. Effect 1) was es-
timated for EBR-I Mark IV from the calculations for ZPR-III to be

Koy = 300 LORE AR (i0/50, (8.3)

Effect 2) can be calculated as follows:

- aflA8/8/°Clpu X2  _ 0.2727 x 12.5 x 1076 x 2
L Al k. " 02387 X3 =10
~ - 0.14 x 10¢ AK/K/°C . (8.4)

The effective fuel temperature coefficient is, therefore,
Ke = Kp +Ke ==3.15 x 10-° AK/K/°C . (8.5)

3. Jacket and NaK Bond Temperature Coefficient

In the analysis, the jacket and NaK bond are considered together,
so their temperature coefficient must be considered together.

The temperature coefficient of the NaK bond is

a
Kop = Ku Gl - p g ID AR EE (8.6)

Zhia

The reactivity effect due to the jacket temperature is similar to
effect 2) of the fuel temperature, and it can be calculated as follows

e [A4/8/°Clz e X2 o 0.1183 X 9.6 X 106 x 2
21 N VY S I 0528 8T s IO 4
== 0,045 x 10-5 AK/K/°C - (8.7)

The effective jacket temperature coefficient will be

Kj = Knp + Kz = - 0.445 X I-f AR/ K/ C - (8.8)

4. Reactivity Coefficient of the Radial Displacement of Core

The reactivity coefficient of the radial displacement of core may be
given as follows:

2l
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AK/K 1 < 1
= =2 K - =5
Kg e £, [at/h oc]Puch 125 »x LOESAaE03

-5.319 x 102 AK/K/Ar . (8.9)

5. Temperature Coefficients of Upper Blanket Coolant and Blanket Slug.

The temperature coefficients of the upper bla(nl;et coolant and .
blanket slug were calculated for the EBR-I Mark III, 2) and the assumption
was made that they have the same values for EBR-I Mark IV. Then,

«Kn = - 0.2 x107% AK/K/°C (8.10)
and
JEe = - 0230t AR/K/SE (8.11)

6. Check on the Experimental Results for Isothermal Reactivity

Coefficient.

The isothermal reactivity coefficient was measured as

515 % 10~°AK/K/°C.
This coefficient includes the effects of core radial expansion, lower
blanket temperature rise, and inner blanket temperature rise, but does not

include the fuel-slug bowing effect.

The core radial expansion temperature coefficient is then calculated

as
A ° -
Kr = ZKfl[ z/ﬂ/oc] S = ZKf _I_S_X_I_OT
[a4/¢/°Clp, 112.5 x10
= G067 s W0=0 Afee . (8.12)

The lower blanket temperature coefficient is obtained as

5521

e . = U clony (8.13)
3.552
[ OBy~ - 0105 sII0SE AT G (8.14)

The inner blanket temperature coefficient was calculated for the

E}I?R I Mark III.{2) The same value was assumed for the EBR-I Mark IV.
en,



0t AR /KT (8.15)
pKg, = - 1.793 x 107 AK/K/°C (8.16)
o 2 A4/8/°Clyx 2 0.6714 X 14 x 1076 x 2

b, na [8p/p/°ClNag P B 0.2632x3 x 107

SB.58 AK/I/°C T (8.17)

The blanket radial expansion temperature coefficient is

[A4/4/°Clss 18 x 107
= —_ . -6 oo
Kr = 20Kt Tag 71 0T~ 20KE Ta x 107° 0.593 x 10-¢ AK/K/°C ;
(8.18)
2 M/ﬂ/c ss 18 % 10-° 7
=LK = Zgy T Ton = - 0-264 10 AK/K/°C ;
(8.19)
[a8/8/°Clss 18 x 10-¢ ¥ 3
K, = 2pK = 2, K,—2—— = _4.609 x 10~° AK/K/°C,
br sy en, ) B Rt i
(8.20)
and the isothermal temperature coefficient is
Ky = Ko +Kp + K + Ko+ Ke + K 5K + K 5K
+bel+beZ+uKr+1Kr+iKr
St 050 %100 AK/K/SCG - (8.21)

Since the calculated values are not too different from the experi-
mental value, the calculated values are used in the analysis.

IX. BLOCK DIAGRAM OF EBR-I MARK IV TRANSFER FUNCTION

The block diagram of the transfer function is shown in Fig. 9.1. The
transfer function for each block listed in Table GNLS
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Table 9.1
TRANSFER FUNCTIONS INDICATED IN FIG. 9.1

_ ﬁl(l e TsS)(l i 7‘35)(1 + Tés)(l + T138)

Gy(s) =
: (1+F,8)(1 + Vys + V82 + V383 + Vys?)
e -H, + Hys + Hgs? + Hos®
c T+ T55)(1 + Tgs)(1 + Ty38)
@) = Hy {1 +(75+ 74)s}1 + Tis8)
4 1+ 6;s + (3252 -+ (5353
Gu(s) = {1+ (15 + Ty)s? (14 7y58)°
6 e e
el 1 - H; +Hyos + Hyys? + Hy,s®
= 1 + 6,5 + 0,5% +658°
Gels) = (ng/Qg)(bL/an bv)(l +p Tgs)
{(l+b7’3s)(l+b7'4s)+b’r0/zs(l+bTés)(l+bT7s)}
( 1
)= (144 T,s)(1+Tps)
1
B -
(1 + Tgs)
G9(S) =

(1+7,8)(1 + ays + 082 + 035°)

GIO(S) = Kl (61 +€ZS +€ESZ)

(1+ T38)(1 + Tys)

Guish s (1+ B;s T B,s?)

Cy + Cgs + Cys? + Cqs® + (@5

G =
12(e) 1 + Qs + Qys? + 038°
B (1t 7s)
Gals) = (1 +7F,8)(1 + T58)(1 + T4s)
(1+ 7s)
G14(s) =

(1+758)(1+7ys)
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Table 9.1. (Contd.)

B, (B3 +Bys +B,s?)

Gys(s) = (1+7,8)(1 +758)(L +T48)
I
Guels) = (1 +758)(1 + Tys)
A Dy + Dgs + Dgs? + Dgs® + Dyos?
Giqls) = ’

7 (CIB (1+E;s +E,s2)(1 + pys + B2s?)
Gm(s) = (1 + les)

Cs By/(1 -¥)}(1/v CuB)(1 +T48)(F, + Fys + Fgs?)
(1 +%,5)(1 + T38)(1 + Ty4s)

1

Giols)

Cs Bo/(1-V)H1/v CuB)(1 + T5s)F{l +(T5+Ty)s + T A

Ggols) = (1+7%,5)(1 + Bys + Bps?)

X. DISCUSSION OF THE ANALYSIS

The analytical results for several flow rates at 1200-kw operation

are shown in Fig. 10.1. The experimental results for a flow rate of 280 gpm

and a power level of 1200 kw are given in Fig. 10.2.

An inspection of Fig. 10.1 and 10.2 reveals that the analytical re-
sults are characterized by a sharp resonance which contrasts with the
broader resonance noted experimentally. This sharp resonance is con-
sidered as follows:

(1) In Appendix F, the approximation of the term

1+{g /B

in Eq. (F.1) is sufficiently exact. The approximation of the term e~ )L
in the equation, however, is insufficiently exact. In practice, when the
denominator of Eq. (F.1) goes to zero at some frequency, the numerator
also goes to zero and the limiting value of this equation is finite at that
frequency. In the approximate equation, Eq. (F.7), however, this relation
is not satisfied and the frequency at which the denominator goes to zero
is not the same as that at which the numerator goes to zero.

(2) In the approximate equations (B.16), (C.1), and (D.1), the same
problems as discussed in (1) also appear.

If the following equations are used instead of the Egs. (B.16), (C.1),
(D.1), and (F.7), such problems may be avoided.



6,(s) 1 1 + Tgs AR, ng(s) 1 0n(L,s) 1
Qg(s) (L Tos)(1+ Tee)(1t+ Tys) 14Ty s 3§ Qg(s) pQgls) Lo s
(10.1)
Qin(Ls) - (1 + Tgs) Dg A/(anB) : (10.2)
Q¢(s) (1+7,8)(1+Tes)(1+Tg8) 1+ Tgs
. _(1-v)a(s) B, + Bys + Bgs®
Qsls) = [ (1+7,5)(1 + T38)(1 + 7y4s)
Qg<5)(1+755)(1+785) (f‘z“’ Fz.)/VCnB :
T 47,8021 +748)(1+ Tus)(1+ Tgs)(1+ Tgs)  (1+ Toys)
(1) 2)
Et (s) > Hy (L +Tgs) H, ng(s)
5 — - + —
Qg(s) (1+T,s)(1 +hys +hys? +hys3) 1 + Tyes Qg(s)
b On (L,s) 1 1 , e

ng(s) 1+ TFys 1+ Ty3s

where

Tq = (-Az+ 4'K5+1)7102/K3 ;

2 o P
s R LT e

B F, -

Hy = -H, +H, -H; +1

T = (Ho 7142)/ﬁ3

The analytical results obtained are shown in Fig. 10.3 and 10}l
Figure 10.5 gives the analytical results when the hexagonal-tube expansion
effect is neglected. A comparison of Fig. 10.4 and 10.5 reveals that the
smaller resonance originates as the result of hexagonal-tube expansion.

The data of Fig. 10.3 demonstrate that the most sensitive factor
affecting the transfer function is reactor power. According to Fig. 10.2
and 10.4, the analytical and experimental results for the resonance
frequency and for the sharpness of the transfer function amplitude at
the resonance frequency differ.

2
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The reasons for these differences are:

(a) As discussed in Section VIII, the theoretically derived values
of the temperature coefficients used in the analysis are smaller than those
measured experimentally. In addition, in estimating the isothermal tem-
perature coefficient (see Section VIII), the calculated component of the core
radial expansion was based on free expansion although in practice the outer
periphery of the inner blanket was constrained. This means that theoret-
ically derived temperature coefficients are smaller than those measured
experimentally. For this reason the gain at low frequencies for the ana-
lytical treatment is larger than that determined experimentally.

(b) Since Egs. (10.1) through (10.4) are simple approximations,
resonance effects will be restrained.

(¢) In the analytical treatment it was assumed that fuel-rod dis-
placement is dictated by hexagonal-tube expansion. Thus, it is reasonable
to assume a like time delay for hexagonal-tube expansion and fuel-rod
displacement. In addition, if the hexagonal-tube expansion is not equal
axially, then the relationship between the hexagonal-tube expansion and
fuel-rod displacement becomes a very complicated phenomenon because of
the elasticity and rigidity of the fuel rods. Accordingly, the time delay
mentioned above will not be approximated by a simple first-order transfer
function. If this time-delay effect is applied to the analysis, the resonance
frequency would tend to decrease and would be closer to that of thelexperi=
mental result.

(d) Since the tightening action of the core clamps may not be uniform
axially and the hexagonal tubes of the inner blanket conceivably could bend,
this possibility suggests that the expansion of the hexagonal tube may be
larger than that given by the analytical value. Under these circumstances,
the hexagonal-tube expansion effects would then be more significant than
those given by the analytical treatment and would tend to decrease the gain
at low frequencies for the same reason as in (a).

For example, if the time delay for radial expansion of the core
is assumed, it is to be as follows:

displacement of fuel rod 1

displacement of hexagonal tube (1 + Ts)? 2 (10.5)

where

and the reactivit?r coefficient due to radial expansion of the core is assumed
to equal successively: (1) the calculated value, (2) two times the calculated



value, and (3) three times the calculated value; the analytical results are
shown in Fig. 10.6. As can be seen, when the reactivity coefficient is
assumed to be three times the calculated value, the calculated transfer
function shows very close agreement with that obtained by experiment.
This would also indicate that the above discussion is reasonable.
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XI. CONCLUSIONS

The analytical results discussed above permit the following

conclusions:

(1) EBR-I Mark IV is stable under designed conditions of power,
flow, and inlet temperature.

(2) The small resonance is caused by the radial expansion of the
stainless steel hexagonal tubes. The magnitude of the resonance could be
reduced by increasing the thickness of the hexagonal tubes in the inner
blanket.

(3) Decreases in coolant flow rate tend to increase instability.

(4) The approximate expressions of Section X are more convenient
than those of Eqs. (B.16), (C.1), (D.1), and (F.7), and are sufficiently exact
for a preliminary estimate of the reactor transfer function.

Since the analytical treatment presented above was specifically
applied to results obtained with EBR-I Mark IV, the same feedback mech-
anisms may not necessarily apply to other systems. For example, if the
core size were considerably larger than that of EBR-I Mark IV, the Dop-
pler feedback may not be negligible. If the fuel rods were not held tightly,
the effects of fuel-rod bowing may significantly affect the stability. If core
support members are located in the core outlet coolant flow, thermal-
expansion effects in these members may be important. However, such
effects are susceptible to treatment in a manner similar to that given
above.

In the actual evaluations, values of the axial and radial power gen-
eration were determined experimentally. However, these values may be
calculated with an accuracy sufficient for transfer function analysis.

During the design period, similar procedures could be applied to
the analysis of spatially independent transfer function of liquid metal-
cooled fast reactors.
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APPENDIX A

From Egs. (4.12) through (4.16) the following equations are obtained:

F(s)(1- 'Y)Qg(X,s) - s{C.+C¢F(s)} On(X,s)

Qn(X.s) - YQg(X.s) = T+ s{Cc + C{F(s)}/2TR 1,

0, (X:5) - YQ,(X,5)}
2TR,H,

BlX.8) = + 0n(X,s)

(1-7)Qg(X,5) - {QnlX,8) - YQg(X.s)} - sCc c(X;s)

Qf(X,s) = cfs

S Cn

_d_%&_) e {C. + CF(s)Y/

: i ZT;?.EZ {Cc + CfF(s)}
LB A0 e
= +
G

55 27TR H, {Cc + CtF(s)}

Solving Eq. (A.4), 6,4(X,s) is given by

8n(X,s) = {V+(1-7) }——f (X'ss e dl o

(A.1)

(A.2)

(A.3)
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APPENDIX B
From the assumptions 5 and 3 listed in Sect. II, the power gen-

eration rate in the fuel rods in the core is radially independent, and the
effective average core temperatures are denoted by the equations

Bls) - —f as) @

_ I+ (- V)E(s)} Qgls) A
vCn B’L n(s)|?
1+{ "

n(s)L _ n(s){sin 2(BL+C) - sin 2C}

2 1B
b o
_ sin (BL+ZC) + sin®C + e—n(s)Lsin(BL+C) e
s e'n(s)L{cos =i, 4o LS n(s) s BL}
n(s)
+{ B
+ 46, bL(s)e_TrS B_AL {cos c - cos (BL+C)} ; ()
ac(s) = —f (X, s) aX
=y hcks) Qg(8)A%* [ 1 5in 2(BL+C) - sin 2C
2T R,H, 2 4BL
6,(s)
+ =
(e {Ce + C¢F(s)} ; (8-
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L
B¢(s) =—£f D(X) 85 (X,s) ax

0

S . 2 il Cc
= (1- V)Q,(s)a {C_fs < e ¢ —“zﬂRszcf)}
x{l- sin 2(BL+C) - sin zc}Jr F(s) By(s) :
: AR e 27TIS<ZHZ {Cc + C¢F(s)}
(B.3)
~illa) ~ 1
© 1+£(s) )
B W) L
f(s) S O (B-5)

The power generation rate to core temperature transfer functions

is obtained:

sl i 1 + Tgs 1
5 = 1 o~
R e e
S s T s ) A,
e e R e E: :65;8::78;
3S 4S
. 1 . Ag + Ags
(1+ Tgs)(1+ T28) |2 h (T+ T3s)(L + 778)
”{T”S <1+T3s><1+{s>} T T e (1% 7s)
N ng(S) b Onllp,s) 1 . i
Sl pls) 1t Tes
B.(s) B, (1+ Tss) (14 7,s) 6_(s) . o

(1+ 728)(1 + T38)(1 + Ty8) (1+ T3s)(1+ 7ys) Qg(s)
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1 gn(s)

Ef(s) — { _B3 +_B4s +§5sZ }
= B, +
Qg(s) (1+ "Fzs)(1+T3s)(l+’T4s) (1

where

+ T3s)(1 +Tys) Qg(s)

(B.8)

ben(bl“’s) _ (1+b TBS)bL/an 154
- - bTos (1+Db 7s)(1 +b T5)
pQg(s) ~
g (1+b’TZs)(l+b'T3s)(l+bT4s) {1 T T

(1+1 Tes) bL/bCn bY

(145 s) {(1 a1y T

and

T = (Cpi@g PCRlL/Crw

'TOS

(l+b7’65)(l+b7'7s)}

( C. t+ Cg Gt
= + 2
(14 T38)(1+ Tys) 1+ (7 + TR, s + SR, s
T = R T R R
(€ P CeBaE s ir < (G D CHIE,,

(1+ T6S)(l+ 7'75) = dls

2
C.C,Tis

+
2T RO (CEHC S FC )

= Cc + Ct
T3=(1-7)7'5+7 T1+T2+m :
Ty = Co/(2mMR.H,)

Tio = (Cp +Cc +Cg)/(CpvB) = (B/L)Ty

A, = AY/yCLB®

A, = {sinBL+C) + sin?’C}/2 :

2TR,H,(Cn + Cc + Cf)

s

(B.9)



Co G G

Cn+Cc +Cs {E _sin2(BL+C) - sinZC}_ - {l sin 2lBL+ ) - 5in 2C)
=
2

Chv 2 4B BL
sin (BL+C) sin C

cos BL 3

C.vB sin BL. = Ty sin BL

2TR,H, |2

(1-7)A%2[1  sin 2(BL+C) - sin 2C .
2 B 1

(1-V)A2{1 sinZ(BL+C)—sin2C} :
7_ ’

Cs BL
e Cs
+ + —
TFy + TR+ e
B! gl g i it
Tt E LA, T G TR TR, T By = Z2mR,H,

s

For convenience, Eq. (B.6) may be simplified by the following procedure:

1 (1+738)%(1+ Tys)?

T TN L+ Tge) |2 (L+ T38)2(1+ Tys)? + Thos®(1 +Tgs)(1 +Tys)?
L4 (14 T3s)(1+ 748)

1+ (75 +7T,)s?

= ; (B.10)
1+ a;s + aps? + aszs’

1 - 1+ (T3+ Ty)s (it

o0 P (1+ Tgs)(1+ Tqs) 1+ Bys + Bgs
0% 1+ T3s)(1+ Tys)

Then
Fals) (1+ Tes)(1+ T3s)(1+ 7ys) | Ai{Cy + Tos + Tis?)
Qg(s) (1+ Tps)(1+ ays + 0ps% + a35%) (1+ T38)(1 + Tys)

K1{€4 + 655 + Essz + E7s3 + 6354} N ng(s) ben(bL’S) 1

(1+ Bis+ Bps?)(1+0gs + aps? +oys?) 1 #iTys

(B.12)
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e @ Lo
o - w ~

Ql
o

Ay - Ay(T3+ Ty) ;

By(Tet+ Tq) - BpT3Ty 5

1+A, - A 5

3(Ts+7Ty) (L +A, - Aght To - A

3(Ty+ T2 {l + By - Ag}+ (To+ Ty) {275 - 3K} + B, + 0, A,
(Ta+To)? {1 + B, - A} + (T3+T4)? {To - 385} + (T3 +Ty)
(B + (273 Ty + TH)A} + @3 Ay

(T34 7y {(T5+7y) B, + A0y - (73+T4)2:\6} ;

Al gk )

(T e TP 4 BTy 4 Ty 6
2T3Ty(Ts+ Tyo) + 2TH (Tg+ T7)
T T E T

I e T T (Tt 7))
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APPENDIX C

From Eq. (5.7) and Appendix B, the power generation rate to core
outlet temperature transfer function is denoted by the following:

2 2
2o [(aedf . uauedf) { ey o Odf (L +uL)}
2d oBaf 2/ (e 1) 2a.64¢L

= 0.0285 8

2
S _ ST (@0 St lar A% i N uauedf(L+uL)_l
Xm 25 T\ /max = ~59 aBgs T2(L- L) af gL

where

and

Cf + Cc + Cp

= 0.0285

=T
BCpv 10

sin(BL+C) ;

- sin C s

-cos(BL+C) ;

cos C g

_D4 T 55 3

D,(D,+D,) + 2(Dy+Ds)(T3+Ty) + DuTo

Di{(Dz+Ds)( T3+ Tat Tet T7) + D, 7o} + (Da+De){(T5+ Ta)® + T3Ts}
+ Dy {To(T3+T4) + B}

Dy[(Do+D3){( T+ Ta)(T e+ Tq) + TeTz} + DafTo(T :7+ 1) +PB2}]

+ (Ds+D)( T3+ Tu) T3 T4 + Dy {ToTs + P2Ts+ Ta)}

Dil(Dz +D3)( 73+ T4) T4 77 + D, {’To TeTr + Bl T+ T7)Y] + DapP T3 T4



Tl = the coolant transport time from the inner blanket outlet to the

core outlet.

By substituting Egs. (5.6) and (C.1) into the Egs. (5.8) through (5.10),
the following transfer functions result:

L P(s) 1 uOa(s)

as) LT s as) -
g g

wOnls)  6,(L,s) s e ’ (c.3)

Qg(s) i Qgls) 1 + Bys + Eye?

where
Ay Pz sk i i
El = Tio + —5—=———(Tu+T) = Tz +5— + 5= —
ZuCn u.V L L2 2V 2v Ty
= 2TuRp wHy wL _ul
B B ———— i s St ik

ZuCnv

Ti1 = uCn /2T Ry uHy

T = G /ARG, s
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APPENDIX D

Since the core inlet coolant temperature is independent of the core
radial position, the coolant preheating in the inner blanket does not affect the
fuel-slug bowing. From Egs. (4.17) and (4.19), the average fuel slug tem-
perature is obtained:

iy ¢ sl ra A )
" BL sin(BL+C) + e (LB sin C -LT)(s) cos ©

; =7 By 4 B 4 B ed
= Qgls) Ct {(1+"7325)(1+735)(1+T4S)}

(1+Tss)(1+ T 1 1
{1+ 725)(1 + 735)(1 + Tys)}2 vC,.B (1+ Tgs)(1+ Tqs) .

Tros (1 + Tgs)(1+ Tqs) = F,
Fi —(0+ 755)(1 + T4s) 2

Ay

(1+ Tgs)(L+ Tqs)
1+ T3s)(1+ Tys)

5 (1 - B; EI8 1—345 ar ESSZ } & il
= Qg(s) cf (1+ Ts)(1+ Ts)(l+ Tys) vC,B

(1+ Tgs) (1+ Tys)(Fp+ Fys + Fss?)
(T+ T2s)(1+ 0ys + Qps?+ 0y53) | (1+ Tas)(1+ Tys)(1+ Tys)

IS

- (L+ T58){Fs + F3(T3+ Ta) s + F3 T Ts }}] (D.1)

(1+ Tys)(1+ Bys+ Bps?)

where
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= Al ABLcos C

ST ATR:
o sin(BL+C) + A cos C

A ;
—Efsmc :

= T N Ty

= T3Ty + Tio(Tet+ To)
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APPENDIX E

From Egs. (4.12) and (7.1) through (7.5), the following equations
are obtained:

d6 5 (X, s) c G+ S, ElH)
a0 Sy e
% 1+ IEI 1+ ZTRH, {Cc + CsF(s)}
3
Y Qg(X.S) N (1-v) C)g(x,s)l?(s)/vcn ; i
vC s
n 1 +—2WR2HZ {Cc + CtF(s)}
EN(GES)
O¢(x,s) = I ) (E-2)
lpepiect
H3

By solving Eq. (E.1), 6(X,s) is given:

0tee) = (- e [ ayes) X Xay

(E.3)



50

APPENDIX F

In a way similar to that used in Appendix B, 0, (s) is calculated:

= 7

R v +(1-7)8(s)}02,(s)A2 1 [;(S)L
G (Y

€(s) {sin 2 (BL+C) - sin 2C}  sin*(BL+C) + sin’C
4B 2

1 - e-C(S)L{cos BIEE %sin BL}
z
RE

}—3AT {cos C - cos(BL+C)} . (=)

+ e-C(S)L sin(BL+C) sin C +

-T.s
+ pBn (bL,s) e
€(s) is then simplified:
S SO0 s 1

=) = Cv (1+ Ts)(1+ Tys)(1+ Tyys)

(€ TEyds Ty = g T3+ Ty) + 7
X|:1+S{7'13+ t (T4 T4- Ti3) + Cn (T3+ Ty) + Cc 1}

Ch + Cn - CoSrey

52{ CtTaTy + Cn(T3Ty + TyTy3 + T1373) + Cc 1T
G e

. g3 T3 Ty T13
s
Gp - 0h & 0 L Op

Gt 't Cnlt CoCe s hs s e )
Cpv (1+ T3s)(1+ Tys)(1+ Tyss)

H(E2)

where
gy = Ct/H3 :
Ct( T3+ Ty- Ti3) + Cn(T3+ Ty) + Cc Ty

oy = T 2
C. tC, ¥ C.+ Gk 3

_CtTsTy + Cu(T3Tyt Ty Tys+ T3 T3) + Cc Ty Ths

h,
[P s M S




T3 Ty Ti3

ha =
CE Gt G A G

Substituting Eqgs. (B.6) and (F.2) into Eqs. (F.1) and (7.7) and applying the
following relation:

- 1
e'f(s) = ms—) . (F3)

gives the power generation rate to the hexagonal tube temperature transfer
function

§t(s) H, 1 + Tgs

Qg(s) T 1+ TS (14 Tys)(1l+ Ts)(1+ Tas)

1

{ 1 + hys + hps® + h,s®
e (1+ T38)(1+ Tys)(l+ Tyss)

s(1 +hys +hys®+hys®)

L (1+ T3s)(1+ Tys)(1+ Tiss)

H,
(1 +hys +hys®+hys?)

1+ T38)(1 + T4s)(1 + Ty3s)

e

Il ar 7'155(

I

2 3 2
i {T : (1 +hys +hys®+hss’) }
14( )

1+ T3s)(1+ T4s)(1l+ Ty3s

+

_I:-Is a5 T‘I‘(,S

(1 +hys + hys® + hys?)
(1+ T3s)(1+ 74s)(1+ Tiss)

Lo Ty

p2g(s) pOnlsL)

. : (F.4)
R Tee T T
where
H,=ANCLE =&  ;
- (s (BUHC)Ecinfa) /2 - A,
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o - Ci + G + Ce 4 Cp (1 "B T e 20
3 @ 7 4B ;

Eh = Ene((ELE @) sin © = Ky
ETN =N Cos B [N

Ciar © 5 Cp A+ ©
i n c i

= B TOR
Hg o) sin

(& ©m o Cn 4 CAYfCxniB ¢

&
'S
I

i = (G & C o G b RN C

By a procedure similar to that in Appendix B [Eq's. (B.10) through (B.12)],
Eq. (F.4) can be simplified:

1 ~ {1+ (T3+ Te)sF(1+ Ty3s)?
i {'T 1 + hys + hps® + h,s’ }2 B Y3s> + Vas® ;
B S oY el e

(F.5)
1 = {1+ (T3+ T4)s}(1+ Tyss)
. {'r 1 + hys + hps® + h3s3} loa g g 6o o 6
ar 5
B (14 Tys)(1+ Tys)(1+ Tyss) (F.6)
Then,
B4(s) 7ﬁ1(1+ Tgs)(1+ Tigs)(1+ Tys)(1+ T4S)|: H, + Hys + Hgs?® + Hys?
Qgls) (14 Fosl(1+ YVis+ Vas?4 Vys¥4 Yty L (15 T3a)(1+ T4s)(1+ Tiss)
. H{l + (T5+ T)s}1+ Tys) {1 + (T+ Ty)s}?(1+ Typs)?
1 + 638 + 0,82 + 0383 1 + Vs + Va2 + V38 + Vst
1 - Hs + Hiyps + ﬁ“sz + ﬁlzs3:‘ ng(S) ben(bLyS) 1 1
1 + 015 + 0,8 + 08,s° Qg(s) ng(s) o 04 T
(F.7)

where



Hy

=-H( T3+ T4+ Ts) + Hi

= {Ts( T3+ T4) + T37} + hiH,
=H, T3y Ty3 + hHy

= DR B e T S

= 8z - Hs {Tis( B+ 7a) + T3} - Hg(7at Tt T1s) s

= & - Hy T3y iy - He{ T3( T3+ Ta) + BT}

= 2( T3+ T4+ Ts) ;

= (Ta+ Tat Ti)? + 2{( T3+ T4) T3 + T3Ty} + T4

= 2{(Tat Te) Tis + TaTH( T+ Tt Tig)} + 2TH

= {(Ta+ T Tis + TaTa}? + 2T3Ty Ty (Tot+ Tat Tis) + The (2hz +1])
= G dp G ar Gy ar o F

= T3Ty + Tis( T3+ Ty) + iTis 5

= T3T4T3 + Tis hy
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Section III

APPENDIX G
SYMBOLS AND CONSTANTS

Neutron density

Reactivity

Mean prompt-neutron lifetime

Decay constant of delayed neutrons of group i
Concentration of delayed neutrons emitted in group i

Fraction of delayed neutrons emitted in group i

Sections IV and V

6

Qg
Af
kf
R'l
Hl

v
0 Nas ézr

uHZ

>‘Na.’ >LZr

Section VI

i

(04

Temperature, °C

Power generation rate/unit length
Thermal conductivity

Thermal diffusivity of fuel slug
Radius of fuel slug

Effective heat transfer coefficient from fuel slugs to
cladding

Fraction of power generation carried by gamma radiation
Heat transfer coefficient from cladding to coolant

Heat capacity/unit length

Fuel rod radius

Axial length of medium

Coolant velocity

Thickness of NaK bond and Zircaloy jacket

Effective heat transfer coefficient from upper blanket slugs
to coolant/unit length

Thermal conductivity of NaK and Zircaloy

Displacement of fuel slug due to bowing
Thermal expansion coefficient of fuel slug

Diameter of fuel slug or upper blanket slug



Section VII
Hs

Rj

T2

Ry

Section VIIL

K, AK

Temperature difference between the core center side and
opposite side of one fuel slug

Axially average fuel temperature (does not include the
axial importance function)

Steady-state power generation in the case i

Maximum steady-state power generation in the case i for
satisfying the condition that the fuel slug in the jacket does
not touch the jacket wall

Effective heat transfer coefficient from coolant to hexagonal
tube/unit length of one rod

Effective core radius

Displacement of core due to hexagonal tube thermal
expansion

Effective inner blanket radius

Multiplication factor and its small deviation
Reactivity coefficient of the NaK temperature in the core

Reactivity coefficient of the NaK coolant temperature in the
core

Reactivity coefficient of the fuel temperature due to axial
expansion

Reactivity coefficient of the fuel temperature due to
decreases of NaK volume

Reactivity coefficient of the fuel temperature (Kf, +Kf,)

Reactivity coefficient of the NaK bond temperature in the core

Reactivity coefficient of the jacket temperature due to
decreases of NaK volume

Reactivity coefficient of the cladding temperature (=t +sz)
Reactivity coefficient of the core radial displacement

Reactivity coefficient of the NaK coolant temperature insthe
upper blanket

Reactivity coefficient of the blanket slug temperature in the
upper blanket
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s Reactivity coefficient of the isothermal reactor temperature
due to core radial expansion

S Reactivity coefficient of the NaK coolant temperature on the
lower blanket

1Ks Reactivity coefficient of the blanket slug temperature in the
lower blanket

bKn Reactivity coefficient of the NaK coolant temperature in the
inner blanket

bel Reactivity coefficient of the inner blanket slug temperature
due to slug expansion

bez Reactivity coefficient of the inner blanket slug temperature
due to decreases of NaK volume

uEr Reactivity coefficient of the upper blanket temperature due
to its radial expansion

1K Reactivity coefficient of the lower blanket temperature due
to its radial expansion

bK Reactivity coefficient of the inner blanket temperature due
to its radial expansion

Kit Isothermal temperature coefficient

2 Cross-section area for coolant flow/rod

anb Cross-section area of NaK bond

afg Cross-section area of fuel slug

2 Cross-section area of Zircaloy jacket

Subscripts

Left subscripts Right subscripts
b Inner blanket f Fuel or blanket slug
u Upper blanket @ Cladding
non Core n NaK coolant
t Stainless steel hexagonal tube

The material constants are listed in Table G.1.



Thermal Conductivity
(cal/cm-sec-°C)

Density (g/cm?)

Specific Heat
(cal/g—°C)

Thermal Diffusivity
(cm?/sec)

Thermal Expansion
Coefficient

PuAl

0.041

0.0364

0.0691

12.5 x 1076A4/8

Table G.1

Material Constants

18.9
0.032
Qa5

14 x 1075A 4/p

NaK

0.0621

0.79

Qr2idz2

B

Stainless
Zircaloy Steel
0.0332 =
(55,1212 729
0.08 0,12

3x 107%AV/V 9.6 x 1076AL/4 18 x 106A4/8

Constants independent of the coolant flow rate are tabulated in

ablies Gr2r

R,
af
anb
=
2
R,
Rs

Ry/R,

Table G.2

(A) Geometrical Constant Core

Core
25193
0.29464
027 2H3
0.06194
0.11833
0.1768
0FSi9(8
9.037

0.60698

Upper Blanket

19.6723

Inner Blanket

50.269
0.46228

0.67137

0.15566
0.2632

0.51308



(B) Non-geometrical Constants

cal/cm Ct 0.187424
cal/cm Cs 0.1618 NGt 0.2373 bCsf 0.40604
cal/cm e 0.07239 won 0.08157
cal/cm o 0.02964 wCn = 0.0296d0NEa 0.04412
cal/cm?sec°C  H, 0.4722 bH, 0.6535
M 3.3934 LM 4.3157
I 1.2563 BiE 1.8470
F, 0.911 VB 0.889
F, 0.089 bE2 0.111
Tl 0.296 ey 0.267
T T SuAle b7,/ T 0.0419
T, (0). 2577 bT, 0.493
7 0.0523 7 0.0774
1.13358
0.081944
C 0.68790
G, 0.0675
sin(BL +C) = 0.6193 sin C = 0.6349 sin BL = 0.97696
cos(BIF+G)F="1-0:78515 cos C = 0.77259 cos BL = -0.21341
sin?(BL +C) = 0.38353 sin?C = 0.40310 sin 2 (BL+C) = 0.97249

sin 2 C = 0.98103
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